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ABSTRACT 

The NAVSTAK G l o b a l  P o s i t i o n i n g  System (GPS) a l l o w s  
e x t r e m e l y  a c c u r a t e  and g l o b a l  d e t e r m i n a t i o n  o f  t i m e ,  as  
w e l l  as p o s i t i o n  arid v e l o c i t y .  An S T 1  Time T r a n s f e r  U n i t  
(TTU) deve loped  f o r  t.he U.5.  Naval  O b s e r v a t o r y  (USNO) has 
c o n s i s t e n t l y  demonst ra ted  t h e  t r a n s f e r  o f  t i m e  w i t h  accu- 
r a c i e s  much b e t t e r  t h a n  100 nanoseconds. A  new S T 1  l i m e  
T r a n s f e r  System (TTS) ,  t h e  T I S  502 ,  i s  c u r r e n t l y  i n  d e v e l -  
opment and w i  I 1  be a v a i  1  a b l  e on t h e  m a r k e t  by t h e  end o f  
1981. The TTS 502 w i l l  be a r e l a t i v e l y  compact m i c r o p r o -  
cesso r -based  system w i t h  a  v a r i e t y  o f  o p t i o n s  t h a t  w i l l  
meet each i n d i v i d u a l ' s  r e q u i r e m e n t s ,  and w i l l  have t h e  
same pe r fo rmance  as t h e  USNO system. l h i s  pape r  suinma- 
r i z e s  t h e  t i m e  t r a n s f e r  pe r fo rmance  o f  t h a t  USNO system 
and p r e s e n t s  t h e  d e t a i l s  o f  t h e  new system. 

INTRODUCTION AND SUMMARY 

The NAVSTAR GPS i s  c ~ r r r e n t l y  o p e r a t i n g  i n  i t s  Concept  V a l i d a t i o n  Phase 
(Phase I ) ,  w h i l e  t h e  o p e r a t i o n a l  system i s  under  development.  Ra the r  
t h a n  b e i n g  r e p e t i t i v e  on t h e  d e s c r i p t i o n  o f  t h e  systern, w h i c h  has been 
d e s c r i b e d  i n  numerous papers  o v e r  t h e  l a s t  6 y e a r s ,  l e t  i t  s u f f i c e  t o  
r e f e r  t o  a  few o f  t h e s e  papers  i n  References 1 t h r o u g h  3. The impor -  
t a n t  f a c t o r  t o  n o t e  h e r e ,  however, i s  t h a t  even though  t h e  system i s  
n o t  f u l l y  o p e r a t i o n a l ,  i t  a l r e a d y  p r o v i d e s  t h e  b e s t  o v e r a l l  t i m e  t r a n s -  
f e r  c a p a b i l i t i e s  i n  e x i s t e n c e .  l i m e  t r a n s f e r ,  u s i n g  a  Time T r a n s f e r  
U n i t  (TTU) des igned  and b u i l t  f o r  t h e  U.S. Naval  O b s e r v a t o r y  (USNO) b y  
ST I ,  has been demons t ra ted  t o  be c o n s i s t e n t . 1 ~  b e t t e r  t h a n  50 nanoseconds 
when done so w i t h  GPS s a t e l l i t e s  w i t h  good c l o c k s .  

U l t i m a t e l y ,  GPS w i  1 1  a1 l ow  c o n t i n u o u s  g l o b a l  deter-mi nation o f  t i m e  when 
t h e  compl ement o f  s a t e l  1  i t e s  i n  t h e  system pr 'ov i  des t h e  a p p r o p r i a t e  
coverage.  ( O n l y  one s a t e l l i t e  i n  v i e w  i s  r e q u i r e d  f o r  t i m e  t r a n s f e r . )  
A t  p r e s e n t ,  g l o b a l  d e t e r m i n a t i o n  i s  p o s s i  h l  e ,  b u t  n o t  c o n t i n u o u s l y .  
C u r r e n t l y ,  t h e  GPS program p l a n  i s  t o  have an 18 s a t e l  1  i t e  c o n s t e l  l a -  
t i o n 4 ,  w h i c h  w o u l d  p r o v i d e  g l o b a l  s a t e l l i t e  v i s i b i l i t y  o f  4-8 s a t e l -  
l i t e s  above 5' e l e v a t i o n  (7  s a t e l l i t e s  28.7% o f  t h e  t i m e ) .  The o r i g i -  
n a l  p l a n n e d  c o n s t e l l a t i o n  o f  24 s a t e l l i t e s  wou ld  have p r o v i d e d  v i s i b i l -  
i t y  o f  6 - 1 1  s a t e l l i t e s  above 5' e l e v a t i o n .  A p o s s i b l e  n e a r - t e r m  con- 
s t e l l a t i o n  o f  s i x  s a t e l l i t e s  w i l l  p r o v i d e  one s a t e l l i t e  t i m e  t r a n s f e r  
coverage r a n g i n g  f r o m  a p p r o x i m a t e l y  1 6 . 5  t o  20 hours  p e r  day,  depend ing 
upon l o c a t i o n .  As i t  t u r n s  o u t ,  one o f  t h e  w o r s t  t i m e  coverages i s  t h e  
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c o n t i n e n t a l  U n i t e d  S ta tes  (and t h e  I n d i a n  Ocean) because t h e  c o n s t e l  1 a- 
t i o n  was designed t o  p r o v i d e  a c l u s t e r i n g  o f  s a t e l l i t e s  f o r  t e s t i n g  a t  
Yuma, Ar izona.  "xamples o f  s a t e l  1  i t e  coverage f o r  those  s i x  s a t e l -  
l i t e s  a re  p resen ted  i n  F i gu re  1. 

The Time T rans fe r  Systems, bo th  o l d  and new, opera te  on o n l y  t h e  GPS 
L1 C/A ( C l e a r / A c q u i s i t i o n )  code a t  1575.42 MHz. They do n o t  opera te  on 
t h e  L2 f requency (1227.60 MHz) because t h e  C /A  code w i l l  u s u a l l y  n o t  be 
a v a i l a b l e  on t h a t  f requency.  The reasons f o r  o p e r a t i n g  o n l y  on t h e  C/A 
code a re  f o r  s i m p l i c i t y  and because, i n  t h e  f u t u r e ,  t h e  P-code w i l l  n o t  
be a v a i l a b l e  t o  a l l  users .  It w i l l  be obv ious f rom l a t e r  d i scuss ions  
t h a t  o p e r a t i n g  on t h e  P-code would o n l y  improve t h e  t i m e  t r a n s f e r  
accuracy by about 30-35 nanoseconds (one sigma) when o p e r a t i n g  w i t h  
l a r g e  i onosphe r i c  p ropoga t i on  de lays ,  t o  ve r y  l i t t l e  improvement when 
t h e  de lays  a re  sma l l .  For  most a p p l i c a t i o n s ,  t h i s  improved accuracy i s  
n o t  r e q u i r e d ,  and for some users  t h a t  need i t, s p e c i a l  purpose P-code 
t ime  t r a n s f e r  systems can be developed. 

The Time T rans fe r  Systems a l s o  opera te  o n l y  f rom known surveyed (and 
s t a t i o n a r y )  l o c a t i o n s .  I n  f u t u r e  systems, p o s i t i o n  de te rm ina t i on  w i t h  
1  i m i  t e d  mot ion  i s  a n t i c i p a t e d  as an op t i on .  P o s i t i o n  d e t e r m i n a t i o n  
does degrade t h e  t ime  t r a n s f e r  accuracy because o f  Geometric D i l u t i o n  
o f  P r e c i s i o n  (GDOP) and Time D i l u t i o n  o f  P r e c i s i o n  (TDOP) e f f e c t s  (see 
Reference 4  f o r  d e f i n i t i o n s  o f  GDOP and TDOP). 

The USNO TTU i s  desc r ibed  i n  d e t a i l  i n  References 7 and 8. T h i s  u n i t  
was d e l i v e r e d  t o  t h e  USNO l a t e  i n  1979 and has been o p e r a t i n g  s i nce  
mid-1980 ve ry  we1 1 .9 A summary o f  r e s u l t s  ob ta ined  f rom t h i s  u n i t  w i l l  
be p resen ted  l a t e r  i n  t h i s  paper. It has been i ns t r umen ta l  i n  t h e  
de te rm ina t i on  o f  t h e  long- term performance o f  t h e  GPS f requency s tan-  
dards i n  o r b i t ,  as w e l l  as t h e  performance o f  GPS t ime .  

The USNO TTU, because i t  was t h e  f i r s t  Time T r a n s f e r  System b u i l t ,  i s  a 
l a r g e  and n o t  so p o r t a b l e  u n i t .  Because o f  t h a t ,  ST1 has developed a 
new TTS, t h e  TTS 502, t h a t  has s i m i l a r  performance c h a r a c t e r i s t i c s ,  b u t  
i s  r e l a t i v e l y  sma l l ,  even t o  t h e  p o i n t  o f  be i ng  p o r t a b l e  (a  near  f u t u r e  
op t i on ) .  The u n i t  i s  shown i n  F i gu re  2. D e t a i l s  o f  t h i s  new system 
are  p resen ted  l a t e r  i n  t h i s  paper.  

A lso  p resen ted  i n  t h i s  paper  a re  t he  techniques f o r  accompl i sh ing  t h e  
t ime  t r a n s f e r ,  a  t ime  t r a n s f e r  e r r o r  a n a l y s i s ,  a  d e s c r i p t i o n  o f  v a r i o u s  
a p p l i c a t i o n s  o f  t h e  TTS and some f u t u r e  cons ide ra t i ons  f o r  t h e  use a f  
GPS f o r  t i m e  t r a n s f e r .  

TIME TRANSFER TECHNIQUE 

For  users  w i t h  known l o c a t i o n s ,  o n l y  one s a t e l l i t e  s i g n a l  i s  r e q u i r e d  
f o r  t ime  t r a n s f e r  purposes. The t ime  t r a n s f e r  techn ique  employed i s  
i l l u s t r a t e d  i n  F i gu re  3 which shows t h e  t i m i n g  r e l a t i o n s h i p s  between 



t h e  system (GPS)  t i m e ,  s a t e l l i t e  t i m e ,  and t h e  u s e r ' s  t i m e  when an 

epoch t r a n s m i t t e d  f r o m  t h e  s a t e l  1  i t e  ( a t  GPS t i rne  TT GPS) ,  a r r i v e s  a t  

t h e  u s e r ' s  l o c a t i o n  ( a t  GPS t i m e  T ~ ~ " ) .  Time t r a n s f e r  i s  accomp l i shed  
0 ,  

by compu t ing  t h e  u s e r  c l o c k  e r r o r ,  AT*", w i t h  r e s p e c t  t o  systeni t i m e ,  

when an epoch i s  r e c e i v e d .  G P S  s a t e l l i t e s  t r a n s m i t  c o n t i n u o u s  s i g n a l s  
w i t h  r e a d i l y  i d e n t i f i e d  subframe epochs e v e r y  s i x  seconds. The t r a n s -  

m i s s i o n  t i m e ,  l.,SV, i s  de te rm ined  by an o i l -board  a tom ic  s t a n d a r d  w h i c h  
r ! ~  
3 v 

w i l l ,  i n  g e n e r a l ,  d i f f e r  by some amount, AT,  f r o m  sys tem t i m e .  

When t h e  epoch a r r i v e s  a t  t h e  s t a t i o n ,  t h e  t r a n s i t  t i m e  i s  measured as 
obse rved  by t h e  use r .  T h i s  measurement, c a l l e d  pseudorange ( P R ) ,  i s ,  
i n  essence,  t h e  t i m e  d i f f e r e n c e  between t h e  u s e r  t i m e  a t  epoch a r r i v a l  

SV . 
T*', and t h e  s a t e l l i t e  t i m e  a t  epoch t r a n s m i s s i o n ,  TT , I . e .  , 

I n  te rms  o f  system t i m e ,  t h e  pseudorange car] b e  expressed as 

'The t e r m  TA GPS + 

T GPS i s  t h e  " t r u e "  t r a n s i t  t i m e  ( w i t h  r e s p e c t  t o  

system t i m e )  r e p r e s e n t i n g  t h e  t r u e  t i m e  r a n g e ,  R ,  between t h e  s a t e l l i t e  
and t h e  s t a t i o n  e x c e p t  f o r  a p r o p a g a t i o n  d e l a y  T :  

- GPS - , GPS - . _ +  /?'I 

I A - 'I - n 7 1  \ J /  

I The u s e r  c l o c k  e r r o r  i s  r e a d i l y  o b t a i n e d  f r o m  (2) and ( 3 )  as 

The p r o p a g a t i o n  d e l a y  i n c l u d e s  t h e  i o n o s p h e r i c  and t r o p o s p h e r i c  p ropa -  
g a t i o n  t i m e  d e l a y s  and a r e c e i v e r  equipment b i a s .  

I A raw t i m e  t r a n s f e r  i s  p e r f o r m e d  e v e r y  s i x  seconds a t  t h e  r e c e p t i o n  o f  
t h e  s a t e l l i t e  s i g n a l  epoch (subf rame epoch) by t h e  f o l l o w i n g  
p rocedure :  

o  D e r i v i n g  sa te1  1  i t e  (epoch) t r a n s m i  s s  i o n  t i m e ,  I. '", f rom t h e  
Z -coun t  c o n t a i n e d  i n  t h e  b r o a d c a s t  d a t a  s u b f r a d e  ( i n f e r r e d  

I a f t e r  i n i t i a l  s y n c h r o n i z a t i o n ) .  



o Computing sate1 1  i t e  c l o c k  e r r o r ,   AT^'", and system t ransmis -  

s i o n  t i m e ,  T ~ ~ ~ ~ ,  u s i n g  c l o c k  c o r r e c t i o n  parameters con ta ined  

i n  t h e  da ta  frame. 

o  Computing s a t e l l i t e  p o s i t i o n  a t  system t i m e  T GPS u s i n g  t h e  
s a t e l  1  i t e l  s ephemeris con ta ined  i n  t h e  d a t a  frame. 

o  Wi th  t h e  known user  1  oca t i on ,  e s t i m a t i n g  t h e  p ropaga t i on  de lay  
T u s i n g  ( 1 )  i onosphe r i c  c o r r e c t i o n  parameters con ta i ned  i n  t h e  
da ta  frame, (2)  a s imp le  t r o p o s p h e r i c  c o r r e c t i o n  model, and 
(3)  r e c e i v e r  equipment b i a s  c a l i b r a t i o n  da ta  p rov i ded  by t he  
user  d u r i n g  system i n i t i a l i z a t i o n .  

o  Computing t h e  sate1 1  i t e - t o - s t a t i o n  range R ,  t a k i n g  i n t o  account 
t h e  e f f e c t  o f  e a r t h  r o t a t i o n  d u r i n g  s i g n a l  p ropaga t ion .  

o  C o l l e c t i n g  a pseudorange measurement, PR,  when t h e  epoch 
a r r i v e s ,  and f i n a l l y ,  comput ing t h e  user  c l o c k  t i m e  e r r o r  

 AT^' accord ing  t o  equa t i on  (4) .  

These raw user  c l o c k  t i m e  e r r o r s  a re  then  c o l l e c t e d  i n  a  r o t a t i n g  b u f -  
f e r  so t h a t  t hey  can be smoothed t o  reduce t h e  e f f e c t  o f  t h e  r e c e i v e r  
no i se  and q u a n t i z a t i o n  e r r o r s .  The smoothing i s  accompl ished by 
a p p l y i n g  a  l e a s t  squares f i t  on t h e  va lues  i n  t h e  b u f f e r .  Th i s  
smoothed e r r o r  i s  then  s u b t r a c t e d  f rom t h e  t ime  o f  t h e  epoch a r r i v a l  
t o  p r o v i d e  t h e  GPS t i m e  o f  a r r i v a l  

GPS - U 
- TA - ATA U  T~ 

where AT*' i s  t h e  smoothed user  c l o c k  t ime  e r r o r  eva lua ted  a t  user  

t ime  TAU . However, t h e  t i m e  t r a n s f e r  i s  accompl i shed  by  p r o v i d i n g  

t h e  user  w i t h  a t ime  p u l s e  t h a t  i s  e i t h e r  c o i n c i d e n t  w i t h  T ~ " ,  a l ong  

w i t h  t h e  c o r r e c t i o n ,  o r  w i t h  a t ime  p u l s e  t h a t  has been c o r r e c t e d  w i t h  
u t h e  p a s t  b e s t  es t ima te  o f  ATA , and t hus  c o r r e c t e d  t o  T A  GPS UTC 

The c o r r e c t e d  p u l s e  i s  an o p t i o n  o f  t h e  TTS. To c o r r e c t  t o  

epoch t i m e  o f  a r r i v a l  i n  Un i ve r sa l  Coord inated Time (UTC), a  known 
d i f f e rence  between UTC and GPS t ime  i s  app l i ed .  T h i s  known d i f f e r -  
ence i s  p r e s e n t l y  s u p p l i e d  by t h e  user .  I n  t h e  f u t u r e  i t  w i l l  be 
s u p p l i e d  i n  t h e  GPS N a v i g a t i o n  Message8. 

THE TTS 502 

A b l o c k  diagram o f  t h e  TTS 502 i s  shown i n  F i g u r e  4. It i s  comprised 
o f  an ST1 Time T rans fe r  Receiver  Model 5026,an Omnibyte Motorola-based 



MC68000 mi crocomputer and software,  antenna, preamp1 i  f i e r  and a  di s- 
play s t a t i o n .  Also, options t o  the  basic TTS-502 a re  i l l u s t r a t e d .  
These options are:  

o  001 Precision in ternal  5 MHz c rys ta l  o s c i l l a t o r  

o  002 1 pps (pulse-per-second) output corrected t o  GPS o r  UTC 
time 

o  003 RS-232 i n t e r face  f o r  data output t o  external  per iphera ls  

o  004 GPIB i n t e r f a c e  tot-  data output t o  external  per iphera ls  

o  005 Desk Top Cabinet Enclosure (not  shown) 

Other- options wi l l  be added i n  the  fu ture  and wil l  be based on fu tu re  
user requirements. For example, fo r  p o r t a b i l i t y ,  an option f o r  a 
por table  chass i s  and a  portable d isplay  and control terminal wi I 1  be 
of fered .  

T i  mi n u  Sources 

The T'TS' s  f l e x i b l e  r e l a t i  onship t o  external  o r  i rlternal frequency 
s tandards ,  o s c i l l a t o r s ,  o r  d i g i t a l  clocks i s  i l l u s t r a t e d  in Figure 5 ,  
resul t i  ng i  n 3 time-source opera t i  ng modes. 

The TTS-502 can be control led with a 3-posi t ion switch on the  r ea r  
panel t o  operate in  one o f  the  following th ree  modes: 

Mode 1 :  ln ternal  5 MHz and Internal  1 pps Mode 
( In te rna l  5 MHz with Option 001 only) 

In t h i s  mode, an external  1 pps signal i s  not required.  With Option 
001, the  TTS-502 includes a prec is ion  5  MHz quartz c rys ta l  o s c i l l a t o r  
generat ing an in ternal  5  MHz s ignal  from which a l l  the  required f r e -  
quency references and timing pulses a re  generated when operat ing in  
Mode 1 .  The GPS time t r a n s f e r  i s  made with respect  t o  an i n t e r n a l l y  
derived 1 pps s igna l .  A TTS-502 with Option 001 can a l s o  operate in  
Mode 2 or  Mode 3. 

Mode 2 :  External 5 MHz and In ternal  1 pps Mode 

In t h i s  mode, a user-supplied external  5 MHz signal i s  used t o  derive 
a l l  of t he  required frequencies and timing pulses.  The TTS-502 uses 
the  5 MHz input  signal t o  i n t e r n a l l y  derive a  1 pps signal  f o r  r e fe r -  
encing the  GPS t i m e  t r a n s f e r .  



Mode 3: Ex te rna l  5 MHz and Ex te rna l  1  pps Mode 

I n  t h i s  mode, a use r - supp l i ed  e x t e r n a l  5 MHz s i g n a l  and a user -supp l ied  
1 pps a r e  i n p u t  t o  t h e  TTS-502. The GPS t ime  t r a n s f e r  i s  made w i t h  
r espec t  t o  t h e  e x t e r n a l l y  supp l i ed  1  pps s i g n a l .  

I n  a l l  o f  t h e  above o p e r a t i n g  modes, t h e  5 MHz s i g n a l  i s  passed through 
and a v a i l a b l e  as an o u t p u t  a t  t h e  r e a r  panel .  The 1 pps used t o  r e f e r -  
ence t h e  GPS t ime t r a n s f e r  ( i n t e r n a l l y  de r i ved  i n  Modes 1 and 2, ex te r -  
n a l l y  p rov ided  i n  Mode 3) i s  a l s o  a v a i l a b l e  a t  t h e  r e a r  panel  w i t h  t h e  
b a s i c  system. Wi th  Opt ion  ,002, t h i s  pu l se  i s  t i m e - s h i f t e d  t o  co r re -  
spond t o  GPS o r  UTC t ime. 

The p r e a m p l i f i e r  and antenna, which a r e  i nc l uded  i n  the  TTS-502 system, 
a re  o f f - the-she1  f i terns. The preamp1 i f i e r  i s  an Avantek AM1664 modi- 
f i e d  t o  accept  power v i a  t h e  RF cab le  t o  t he  r e c e i v e r  and h i g h  power 
i n p u t  p r o t e c t i o n  (Avantek M1664N103). Th is  preamp1 i f i e r  i s  tuned t o  
t h e  L l  f requency w i t h  a  minimum of 50 dB ga in ,  and a  no ise  f i g u r e  o f  
3 dB and a bandwidth o f  10 MHz. Th i s  w i l l  i n s u r e  a r e c e i v e r  system 
no ise  f i g u r e  o f  l e s s  than  4 dB, even f o r  i n s t a l l a t i o n s  w i t h  very  l o n g  
p r e a m p l i f i e r - t o - r e c e i v e r  cab le  leng ths .  I t s  s i z e  i s  approx imate ly  
8 inches by 3 inches by 2 inches,  i n c l u d i n g  connectors.  

The antenna i s  an o m n i - d i r e c t i o n a l  antenna. I t  i s  r i gh t -hand  c i r c u l a r  
p o l a r i z e d  and has g r e a t e r  t han  - 2  dBIC g a i n  above 10' e l e v a t i o n  angle 
and g r e a t e r  than  -3  dBIC g a i n  above 5" e l e v a t i o n  angle w i t h  hemispher- 
i c a l  coverage (measured on a  ground p lane) .  

A b l o c k  diagram o f t h e  Receiver/Processor subsystem o f  t h e  TTS-502 i s  
shown i n  F igure  6. Th i s  subsystem i s  t h e  p o r t i o n  o f  t h e  TTS t h a t  i s  
housed i n  t he  8-3/4- inch chass is  shown i n  F igu re  2 (which i nc l udes  the  
Opt ion  001 o s c i l l a t o r ,  if prov ided) .  The r e c e i v e r  has i t s  baseband 
p rocess ing  and c o n t r o l  r e s i d e n t  i n  f i rmware i n  a microprocessor .  The 
r e c e i v e r  hardware c o n s i s t s  o f  a downconverter, c o r r e l a t o r ,  code gener- 
a t o r ,  code and c a r r i e r  N C O ' s  (Number C o n t r o l l e d  O s c i l l a t o r s ) ,  f r e -  
quency syn thes i ze r  and t i m e r  and a 115 v o l t s ,  60 cyc le ,  (bo th  +lo%) 
power supply  which a l s o  supp l i es  DC power t o  t h e  p r e a m p l i f i e r .  The 
r e c e i v e r  operates on t h e  L1, C/A code s i g n a l s  on l y ,  and i n  c o n j u n c t i o n  
w i t h  t he  microprocessor ,  acqu i res  t h e  sate1 1  i t e  s i g n a l s ,  t r a c k s  t h e  
code and c a r r i e r  o f  t he  acqu i red  s i g n a l ,  demodulates t h e  n a v i g a t i o n  
data,  per forms p a r i t y  check ing on t h e  data,  measures pseudorange and 
doppler  and p rov ides  t h e  da ta  and measurements, upon request ,  t o  t h e  
MC68000 microprocessor .  That  c o n t r o l  w i l l  occur  a t  a  maximum r a t e  o f  
once per second, e i t h e r  as an a c q u i s i t i o n  command o r  as a measurement 
request .  



- 
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The r e c e i v e r  accep ts  t h e  L 1  C / A  RF s i g n a l  f r o m  t h e  p r e a m p l i f i e r .  I t s  
s e n s i t i v i t y  i s  b e t t e r  t h a n  132 dBm ( a t  t h e  preamp1 i f i e r )  and i t  has a 
dynamic range o f  g r e a t e r  t h a n  20 dB, w i t h  a s p u r i o u s  response g r e a t e r  
t h a n  60 dB a t  130 MHz f r c m  t h e  c a r r i e r .  I t s  3 dB 1F bandw id th  i s  25 
MHz. I t s  pseudorange measurement r e s o l u t i o n  i s  48.9  nanoseconds, wh ich ,  
i n  t h e  t i m e  t r a n s f e r  a l q o r i t h m s ,  i s  smoothable down t o  a one sigma o f  
0 .9  nanoseconds. 

The MC68000 m ic rop rocesso r5 ,  i n  a d d i t i o n  t o  c o n t r o l  1 i n g  t h e  r e c e i v e r ,  
c o n t a i n s  a l l  o f  t h e  t i m e  t r a n s f e r  s o f t w a r e  ( t i r m w a r e ) .  I t s  b a s i c  d u t y  
c y c l e  f o r  comput ing  t i t l ie  t r a n s f e r  v a l u e s  i s  once p e r  s i x  seconds. 
Some o f  t h e  b a s i c  f e a t u r e s  o f  t h i s  p r o c e s s i n g  a r e  d e s c r i b e d  be low.  

Time T r a n s f e r  S o f t w a r e  P r o c e s s i n g  

The TTS s o f t w a r e  package r e s i d e n t  i n  t he  MC68000 m i c r o p r o c e s s o r  i s  
w r i t t e n  p r i m a r i  l y  i n  a  FORTRAN language. However., t h e  e r i t i  r e  s o f t w a r e  
system wi  11 be compi l e d  and "burned"  i n t o  Prograinniable Read Only  Mem- 
o r i e s  (PROM's) on t h e  m i c r o p r o c e s s o r  ca rd .  In a d d i t i o n  t o  v o l a t i l e  
Random Access Memory (RAM) a v a i l a b l e  f o r  p r o c e s s i n g ,  n o n v o l a t i l e  RAM i s  
used t u  s t o r e  i n i t i a l i z a t i o n  pdrameters  t o  c i r c u m v e n t  r e e n t e r i n g  t h o s e  
pa ramete rs  whenever power i s  l o s t  o r  removed and t h e n  r e s t o r e d .  

The s o f t w a r e  r o u t i n e s  a r e  des igned  t o  p e r f o r m  a  v a r i e t y  o f  f u n c t i o n s :  
o p e r a t o r  i n p u t  hand1 i ng, r e c e i v e r  s i g n a l  a c q u i s i t i o n  c o n t r o l  , sa te1  - 
l i t e  d a t a  c o l l e c t i o n  and p r o c e s s i n g ,  s c h e d u l i n g  and schedu le  c o n t r o l ,  
t i m e  t r a n s f e r  a1 y o r i  thni e x e c u t i o n ,  d a t a  smoothi  ny , d a t a  s t a t i  s t i c a l  
a n a l y s i s ,  d a t a  d i s p l a y ,  d a t a  o u t p u t ,  e t c .  

The p r i m a r y  purpose o f  t h e  s o f t w a r e  p r o c e s s i n g  i s  t o  p r o v i d e  t h e  u s e r  
t h e  f l e x i b i  1  i t y  o f  e x e r c i s  i r i g  v a r i o u s  modes o f  o p e r a t i o n  t o  s u i t  h i s  
r e q u i  rements .  Most  i m p o r t a n t ,  t h e  so f tware  p r o c e s s i n g  p r o v i d e s  an 
a u t o m a t i c  mode o f  o p e r a t i o n  in wh ich  v i s i b l e  s a t e l l i t e s  a r e  schedu led  
t o  be t r a c k e d  under  s o f t w a r e  c o n t r o l ,  p e r m i t t i n g  c o n t i n u o u s  t i m e  
t r a n s f e r  o p e r a t i o n .  Once t h i s  mode i s  i n i t i a t e d ,  no f u r t h e r  o p e r a t o r  
i n t e r v e n t i o n  i s  r e q u i r e d ,  and t h e  TTS is o p e r a t e d  i n  a  s o - c a l l e d  "do 
f o r e v e r "  1  oop. 

The TTS w i t h  i t s  a p p l i c a t i o n  s o f t w a r e  p r o c e s s i n g  i s  des igned  p r i m a r i l y  
f o r  t h e  a u t o m a t i c  c o n t r o l l i n g  o f  t h e  r e c e i v e r  t o  t r a c k  a  sequence o f  
v i s i b l e  s a t e l l i t e s  based on a 24-hour t r a c k i n g  s c h e d ~ ~ l e ,  i n  s u p p o r t  o f  
c o n t i n u o u s  t i m e  t r a n s f e r  o p e r a t i o n .  The I T S  p r o v i d e s  two modes o f  
c o n t r o l  f o r  s e t t i n g  up t h i s  schedu le .  

Under t h e  f u l l  a u t o m a t i c  mode o f  c o n t r o l ,  a 24-hour s a t e l l i t e  t r a c k i n g  
schedu le  i s  genera ted  i n t e r n a l l y  by t h e  s o f t w a r e  based on a stored 
almanac and known u s e r  l o c a t i o n .  The c r i t e r i o n  used f o r  g e n e r a t i n g  a  
schedu le  i s  such t h a t  e v e r y  s a t e l l i t e  chosen by  t h e  o p e r a t o r  w i l l  be 
t r a c k e d  a t  l e a s t  once e v e r y  day.  T h i s  schedu le  i s  a u t o m a t i c a l l y  
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r e v i s e d  d a i l y  t o  account f o r  t h e  GPS s a t e l  l i t e  cons te l  l a t i o n  preces-  
s i on .  To o v e r r i d e  t h e  f u l l  au tomat i c  schedule,  t h e  user  may e x e r c i s e  
t h e  semi-automat ic mode o f  c o n t r o l  i n  which t h e  user  i s  a l l owed  t o  s e t  
up a 24-hour schedule u s i n g  any c r i t e r i o n  he may choose. 

I n  e i t h e r  mode, once a  schedule i s  s e t  up, i t  w i l l  be ma in ta ined  by 
t h e  program and, a t  t h e  beg inn ing  o f  each t r a c k i n g  i n t e r v a l ,  t h e  
r e c e i v e r  w i l l  be a u t o m a t i c a l l y  r e s e t  w i t h  a  new s a t e l l i t e  i d e n t i f i c a -  
t i o n  number and i n i t i a l  dopp le r  es t ima te  computed u s i n g  s t o r e d  almanac 
data.  S ince almanac da ta  f o r  a l l  s a t e l l i t e s  a r e  updated o c c a s i o n a l l y  
by  t h e  GPS Master Con t ro l  S t a t i o n ,  t h e  s t o r e d  almanac da ta  t o  be used 
by t h e  system a re  con t i nuous l y  and a u t o m a t i c a l l y  r e f r eshed  once t h e  
system i s  i n  ope ra t i on .  

S t a r t i n g  w i t h  a new sate1 1 i t e  a c q u i s i t i o n  command, t h e  t ime  t r a n s f e r  
o p e r a t i o n  proceeds th rough  t h r e e  phases o f  ope ra t i on .  I n  t h e  f i r s t  
phase,the s i g n a l  a c q u i s i t i o n  phase, t h e  r e c e i v e r  w i l l  a c q u i r e  and t r a c k  
t h e  s e l e c t e d  sate1 1  i t e .  Du r i ng  t h i s  phase, t h e  r e c e i v e r  a c q u i s i t i o n  
process i s  mon i to red  by t h e  program u n t i l  t h e  s i g n a l  i s  s u c c e s s f u l l y  
acqu i r ed  and subfrarne synch ron i za t i on  i s  ach ieved . I n  t h e  n e x t  phase, 
t h e  i n i t i a l  da ta  a c q u i s i t i o n  phase, s a t e l l i t e  da ta  subframes demodulated 
by t h e  r e c e i v e r  a r e  i n p u t  and processed every  s i x  seconds u n t i l  a 
complete s e t  o f  e r r o r - f r e e  da ta  i s  c o l l e c t e d .  Normal ly ,  these two 
phases w i l l  t a k e  much l e s s  than  one t o  two minutes,  depending upon 
whether t ime  had been p r e v i o u s l y  es tab l i shed .  The f i n a l  phase, t i m e  
t r a n s f e r  s o l u t i o n  phase, w i l l  l a s t  f o r  t h e  r e s t  o f  t h e  scheduled t ime.  
Th i s  phase c o n s i s t s  o f  a number of t ime  t r a n s f e r  cyc l es ,  each c y c l e  
o c c u r i n g  a t  6-second subframe epochs. 

A t  t h e  beg inn ing  o f  each c y c l e ,  t h e  p rocessor  i n p u t s  a  300-bi t da ta  
subframe, r e c e i v e r  s t a t u s  i n f o r m a t i o n ,  and measured pseudorange and 
dopp le r  f rom t h e  r e c e i v e r .  Pseudorange and dopp le r  measurements a re  
taken  every  second and combined a t  t h e  end of  s i x  seconds t o  p r o v i d e  a 
smoothed measurement f o r  t h e  t ime  t r a n s f e r  computat ions.  The r e c e i v e r  
s t a t u s  i n f o r m a t i o n  i s  used f o r  m o n i t o r i n g  t h e  r e c e i v e r  performance, 
and f o r  access ing  t h e  v a l i d i t y  o f  t h e  measured pseudorange. The pu r -  
pose o f  t h e  da ta  subframe i s  t h r e e f o l d :  f i r s t ,  t o  d e r i v e  t h e  s a t e l -  
l i t e  t i m e  o f  t r ansm iss i on  f rom t h e  subfrarne Z-count;  second, t o  r e f r e s h  
s a t e l l i t e  n a v i g a t i o n  and almanac da ta ;  and f i n a l l y  t o  check i f  t h e  
n a v i g a t i o n  da ta  i s  be ing  updated by t h e  s a t e l l i t e .  I f  so, a new s e t  
o f  s a t e l l i t e  ephemeris da ta  w i l l  be c o l l e c t e d  t o  keep t h e  microproces-  
s o r  da ta  base c u r r e n t .  

The t i m e  t r a n s f e r  a l g o r i t h m s  are t h e n  a p p l i e d  t o  es t ima te  user  c l o c k  
t i m e  e r r o r ,  t o  e n t e r  t h a t  e r r o r  i n t o  t h e  t i m e  o f f s e t  smoothing process,  
t o  d i s p l a y  da ta  i n  a  v a r i e t y  o f  forms, based on u s e r ' s  s e l e c t e d  o p t i o n s ,  
and t o  o u t p u t  da ta  t o  t h e  o p t i o n a l  o u t p u t  p o r t s .  T y p i c a l  d i s p l a y s  
show t h e  s t a t i o n  c l o c k  t ime  e r r o r ,  t he  t i m e  o f  day ( i n  GPS or UTC t ime ) ,  



date  ( i n  Modified Jul ian Date Number), age of d a t a ,  rece iver  s t a t u s ,  
s a t e l l i t e  i d e n t i f i c a t i o n  number, and e levat ion  and azimuth angles.  

Besides the  two  rnajor modes of operat ion described above, the  TTS 
software processing a l s o  provides addit ional  modes of operat ion which 
allow the  user t o  i n i t i a l i z e  the  data base, c o l l e c t  an i n i t i a l  s e t  of 
almanac da ta ,  t o  obtain s a t e l l i t e  cons te l l a t ion  times o f  v i s i b i l i t y ,  
and t o  exerc ise  the  manual mode of control in which a  p a r t i c u l a r  
sate1 l i t e  of i n t e r e s t  can be tracked unti l terminated or  un t i l  i t  i s  
no longer in view. 

TIME TRANSFER E R R O R  ANALYSIS 

Various sources of e r r o r  t h a t  could a f f e c t  the  accuracy of the time 
t r a n s f e r  t o  varying degrees a re  1 i s t e d  i n  Table I and a r e  discussed 

S a t e l l i t e  Group Delay and Clock Errors 

Normally, s a t e l l i t e  group deltty, whict i  i s  caused primari ly by delays 
in sate1 1 i t e  signal pa ths ,  a re  indis t inguishable  from the  s a t e l l i t e ' s  
clock time o f f s e t .  Therefore, they a re  included i n  the  GPS Control 
Segment's est imate of t h a t  clock o f f s e t .  However, t h a t  est imate i s  
based on dual frequency ( L 1  and L2) measurements of pseudorange, 
absorbing any group delay d i f f e r e n t i a l  between the L l  and L2 signal  
paths within the  s a t e l l i t e .  This d i f f e r e n t i a l  has no e f f e c t  on two- 
frequency users. However, sirice the  TTS has an L1 only rece ive r ,  t h a t  
d i f f e r e n t i a l ,  mu1 t i p 1  ied by a  f a c t o r  of 1 .546 ,  i s  not accounted f o r  in 
the  polyriomial clock correc t ion  terms of the  Naviyatior~ Message.ll 
However, i t  is  accounted f o r  in the  T G U  term included i n  t h a t  message. 
The e r r o r  in t h a t  tern: i s  a f f e c t e d ,  however, by t h e  Control Segment's 
a b i l i t y  t o  measure i t  through the ionosphere a t  times of r e l a t i v e l y  
small ionospheric delays.  However, tha t  e r r o r ,  a1 o n g  witti perturha-  
t ions  in the  absolute group d e l a y  i n  t he  s a t e l l i t e ,  i s  expected t o  be 
i n s i g n i f i c a n t  compared t o  t h e  s a t e l l i t e ' s  random clock d r i f t  described 
below. Therefore, they can be neg lec ted .  

The s a t e l l i t e  clock e r r o r s  a re  bas ica l ly  the  e r r o r  in  the  s a t e l l i t e ' s  
polynomial clock correc t ion  terms of the Navigation Message. That- 
e r r o r  i s  caused by three  sources: the s a t e l l  i t e ' s  random clock d r i f t , ,  
the  group delay described above, and t h e  Contr-r;l Segment's inabi 1 i ty  
t o  est imate and p red ic t  the  clock d r i f t  exact ly .  These e r r o r s  a r e  
very much r e l a t e d ,  so i t  makes n o  sense t o  t r y  arld d i f f e r e n t i a t e  them. 
Over a period of t ime,  however, the  random clock d r i f t  wil l  nornidlly 
dominate i f  the s a t e l l i t e ' s  clock i s  r e a s o n a b l y  s t a b l p .  ( In  o ther  
words, a  clock i s  one t h a t  meets spec i f i ca t ion  - a  nonanomalous s a t e l -  
l i t e . )  That assumption i s  made here,  s ince t h a t  i s  the  case f o r  a l l  
but the  f i r s t  t w o  s a t e l l i t e s  launched. In f a c t ,  the  most r ecen t ly  
1 aunched s a t e l  1 i t e s  have very stab1 e clocks. 
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Since these c l o c k s  do va r y  i n  s t a b i l i t y ,  i t  makes more sense t o  d i s -  
cuss t h e  s p e c i f i e d  s t a b i l i t y  r a t h e r  t han  t h e  a c t u a l  s t a b i l i t y .  The 
numbers i l l  Table  1 r e f l e c t  those s p e c i f i ~ a t i o n s ~ ~ ' ~ ~ .  For  t h e  Phase 
I s a t e l l i t e s ,  t h e  c l o c k  e r r o r s  were s p e c i f i e d  f o r  o n l y  two hours a f t e r  
up1 oad o f  t h e  sate1 l i t e ,  o b v i o u s l y  t o  cover  s p e c i f i c  t e s t i n g  pe r i ods .  
However, s i nce  t h e  TTS c o u l d  be used anywhere, t h a t  e r r o r  budget has 
been extended t o  24 hours here,  u s i n g  t h e  c l o c k  A l l a n  va r i ance  charac- 
t e r i s t i c s  p rov i ded  i n  Appendix 111 o f  Reference 1 3  and t h e  t i m e  d r i f t  
models o f  Reference 14. Since t h e r e  a re  two types  of  f requency s tan-  
dards o p e r a t i n g  i n  t h e  Phase I s a t e l l i t e  (Rubidium and Cesium), a 
range i s  g i v e n  f o r  t h e  c l o c k  e r r o r  budget o f  25.5-108 nanoseconds (one 
sigma) f o r  24 hours a f t e r  up load (25.5  f o r  Cesium, 108 f o r  Rubidium). 
These a re  based on t h e  equat ions:  

I 
f o r  t h e  Rubidium standard,  and 

I 

1 f o r  t h e  Cesium standard 

A l though t h e  d r i f t  o f  t h e  Rubidium s tandard  causes t h e  TTS e r r o r  budget 
t o  exceed t h e  100 nanoseconds adve r t i sed ,  t h e  s tandards t h a t  a r e  opera- 
t i o n a l  have been pe r f o rm ing  much b e t t e r  t han  s p e c i f i e d .  

For  t h e  o p e r a t i o n a l  GPS system, t h e  Opera t iona l  Con t ro l  Segment (OCS) 
i s  s imp ly  s p e c i f i e d  t o  up load  t h e  s a t e l l i t e s  as o f t e n  as r e q u i r e d  t o  
m a i n t a i n  t h e  combined c l o c k  and ephemeris e r r o r s  t o  w i t h i n  20 nanosec- 
onds (6  meters) ,  one sigma. 

The na tu re  o f  these  c l o c k  e r r o r s  a re  b a s i c a l l y  b i a s - l i k e  over  t h e  
I smoothing i n t e r v a l  o f  t h e  TTS (240 seconds, maximum). 

S a t e l l i t e  Ephemeris P r e d i c t i o n  E r r o r s  

These e r r o r s  a re  p r i m a r i  l y  t h e  Con t ro l  Segment's i n a b i  1 i t y  t o  p r e d i c t  
t h e  sate1 1 i t e '  s ephemeris ( p o s i t i o n  versus t ime )  e x a c t l y  p l u s  any 
p e r t u r b a t i o n s  t h a t  are unp red i c t ab le .  These e r r o r s ,  a l ong  t h e  l i n e -  
o f - s i g h t  t o  t h e  user ,  a re  budgeted t o  be 12 nanoseconds (3.6 meters) ,  
one sigma f o r  t h e  Phase I system f o r  24 hours  a f t e r  upload, and a re  
combined w i t h  t h e  c l o c k  e r r o r s  as desc r i bed  above f o r  t h e  o p e r a t i o n a l  
system. A c t u a l l y ,  t h e  e r r o r s  a re  somewhat n e g a t i v e l y  c o r r e l a t e d  w i t h  
t h e  c l o c k  e r r o r s  and t end  t o  cancel somewhat over  s h o r t  p e r i o d s  o f  
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time a f t e r  upload lhe re fo re ,  it makes more sense t o  combine thc  e r r o r  
budget as  i t  i s  f o r  the  operational system. 

As f o r  the  clock e r r o r s ,  the  ephemeris e r r o r s  a r e  bas ica l ly  bias-  1 i ke 
over the  smoothing in terval  of the TTS. 

I o n o s p t ~ e r i c / T r o p o s p h e r i c  DelayslM~11 t ipa th  t r r o r s  

These e r r o r s  a re  obviously independent of  each o the r ;  however, they are  
wor5se a t  low e levat ion  atlkj : e  t racking and rnirlilliized d t  higher e levat ion  
angles. I he mu1  t i p a t h  erv.2r.s can be control led with yood i rlstal l a t i o n  
p rac t i ces .  They can a lso  have a r e l a t i v e l y  random cumponent t h a t  could 
be lumperi i n  with the  r'ecelver noise e r r o r s .  The tropospheric delay i s  
correc ted  with a s in~p le  mode I .  

In any event ,  the  ionospheric delay correc t ion  e r r o r  wi l l  usudlly 
dominate, s ince  the  TTS has no capab i l i ty  of measuring ps~udoranye a t  
t w o  frequencies.  I t  must rely on the ionospheric correc t ion  model 
provided in the  Navigation Messaye. lO' l?  In f a c t ,  under tiormal s i t u a -  
t i o n s ,  the  ionospheric delay correctiori e r r o r  wi l l  dominate the  TTS 
performance. 

Reference 15  t r e a t s  t h i s  correc t ion  e r r o r  it] d e t a i l .  In summary, the  
ionospheric de lay e r r o r  i s  caused by the i nteyrated e  l ectrorl content  
along the  ray path between t h e  s a t e l  1 i t e  and the  user-. The delay 
e f f e c t  is dependent on b o t h  the  charac ter  o f  the ionosphere a t  the  
zeni th  and the e levat ion  angle t o  the  sate1 1 i t e .  The charac ter  a t  
zeni th  i s  highly dependent on geometric l a t i t u d e  o f  the  user and t h e  
time of day, and i s  not very predic table .  Figure I shows typica l  
measurements of ionospheric delay f o r  an L-band signal (near  L1) 
received a t  ve r t i ca l  incidence. l 6  The mean ionospheric delay a t  night- 
time i s  on the  order  of ten nanoseconds. During the  daytime the  mean 
delay increases t o  a s  high a s  f i f t y  nanoseconds. A t  low e levat ion  
angles the  delay can be up t o  three  times the values given above (30- 
150 nanoseconds). Although these delays a re  p a r t i a l l y  corrected with 
the  Navigation Message model, tha t  model wi 1 1  normally be in e r r o r  by 
about 50 percent o f  the  delay (one s i  yma), " J  Therefore, a s  a  "bal lpark" 
es t imate ,  i t  i s  assumed tha t  the ionospheric delay correc t ion  e r r o r ,  
combined with the  tropospheric correc t ion  and multipath e r r o r ,  ranges 
between 5-40 nanoseconds (one sigma), depending upon many var iables .  
This e r r o r  i s  the  most important e r r o r  source of the  TTS time t r a n s f e r  
e r r o r .  

Receiver Noise (and Random Mul t ipa t t~)  Errors 

Receiver  noise i s  dominated by the thermal noise e f f e c t s  on the  per- 
formance o f  the  r e c e i v e r ' s  code loop (neglect ing unintentional jamming, 
of course).  Since the  TTS r e c e i v e r ' s  code loop i s  aided by i t s  c a r r i e r  
loop, and because pseudorange measurements a re  r e l a t i v e l y  infrequent  



(once p e r  second), i t s  l oop  bandwidth i s  q u i t e  sma l l ,  r educ ing  t h e  raw 
measurement r e c e i v e r  n o i  se e r r o r  t o  15.5 nanoseconds, one sigma. 
Smoothing t o  one-second measurements reduces t h i s  e r r o r  t o  6 , 3  nano- 
seconds, one sigma. A lso,  t h i s  e r r o r  i s  random i n  na tu re ;  t h e r e f o r e ,  
s i n c e  t h e  TTS so f twa re  p rocess ing  smooths t h e  raw t ime  t r a n s f e r  r e s u l t s ,  
t h i s  6 .3  nanoseconds can be f u r t h e r  reduced t o  about  1.0 nanoseconds, 
one sigma (40 sample smoothing). 

Pseudorange Q u a n t i z a t i o n  E r r o r s  

The l e a s t  s i g n i f i c a n t  b i t  of t h e  TTS pseudorange measurements i s  wor th  
48.9 nanoseconds (1 /20 th  o f  a C/A code ch ip ) .  Th i s  i s  reduced by t h e  
square r o o t  o f  1 2  t o  a one sigma va lue  o f  1 4 . 1  nanoseconds, s i n c e  i t  
i s  a u n i f o r m l y  d i s t r i b u t e d  e r r o r  between k24.4 nanoseconds. (The b i a s  
i s  a t i m e  e r r o r  t h a t  i s  p a r t  o f  t h e  r e c e i v e r ' s  c a l i b r a t i o n  c o r r e c t i o n ,  
p r i m a r i  l y  because pseudorange, as measured, i s  always p o s i t i v e ) .  As 
was t h e  case f o r  t h e  r e c e i v e r  no i se  e r r o r s ,  these q u a n t i z a t i o n  e r r o r s  
a re  f u r t h e r  reduced i n  t h e  TTS sof tware p rocess ing  because t h e y  a re  
smoothed, r educ ing  t h e  1 4 . 1  nanoseconds down t o  about  5.8 nanoseconds, 
one sigma f o r  t h e  smoothed 6-second measurement and down t o  0.9 
nanoseconds, one sigma, i n  t h e  t i m e  t r a n s f e r  smoothing (40 sample 
smoothing). 

User Loca t i on  E s t i m a t i o n  and Receiver  B ias  

The TTS makes use o f  t h e  user  coo rd i na te  i n  t h e  e s t i m a t i o n  o f  s a t e l -  
l i t e - t o - u s e r  range, and t h e r e f o r e  must be known accu ra te l y .  The e r r o r  
budget f o r  t h i s  e s t i m a t i o n  depends on t h e  su rvey ing  techn ique  used t o  
determine t h e  coord ina tes .  I f  a GPS Geoceiver i s  used f o r  t h e  survey,  
t h e  GPS p o s i t i o n  can be d e r i v e d  q u i t e  a c c u r a t e l y ,  t o  w i t h i n  about  1-2  
meters1? 'I8 ("5 nanoseconds). Otherwise,  t h e  l o c a t i o n  e r r o r  c o u l d  
be somewhat l a r g e r ,  and budgeted t o  be up t o  about  5 meters (15 nano- 
seconds), one sigma. Th i s  e r r o r  i s  b i as -  l i k e ,  and t h e r e f o r e  cannot be 
smoothed over  t h e  TTS smoothing i n t e r v a l s .  

The TTS r e c e i v e r  b i a s  f rom t h e  antenna t o  the i n p u t  ( o r  ou tpu t )  1 pps, 
i s  c a l i b r a t e d  p r i o r  t o  TTS d e l i v e r y .  The e r r o r  and subsequent d r i f t  
i n  t h a t  b i a s  i s  w e l l  w i t h i n  t h e  l o c a t i o n  e r r o r  budget g i v e n  above. O f  
course, any cab le  l e n g t h  changes r e q u i r e  a new b i a s  i n p u t .  

T o t a l  (RSS) Time T rans fe r  E r r o r  Budaet 

Table I l i s t s  t h e  v a r i o u s  i n d i v i d u a l  e r r o r  budget t h a t  makes up t h e  
t o t a l  TTS t ime  t r a n s f e r  e r r o r  budget.  The RSS t o t a l s  a re  g i v e n  as 
ranges, c o n s i s t e n t  w i t h  t h e  ranges g i ven  f o r  t h e  i n d i v i d u a l  budgets. 
A lsa,  t h e  smoothed e r r o r  budget i s  g i v e n  versus t h e  raw e r r o r  budget,  
assuming 40 sample smoothing (6  seconds p e r  sample). For  t h e  Phase I 
GPS e r r o r  budget,  two t o t a l s  a r e  g i ven  - one f o r  t h e  Rubidium s a t e l -  
l i t e  f requency s tandards and one f o r  t h e  Cesium s a t e l l i t e  f requency 
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standards.  A l l  budgets a re  w e l l  w i t h i n  t h e  a d v e r t i s e d  budget o f  100 
nanoseconds f o r  t h e  TTS, except  f o r  wo rs t  case Rubidium f requency 
s tandard d r i f t s ,  which t o  da te  have n o t  been e x h i b i t e d .  

USNO TTU RESULTS 

Acceptance Tes t  Resu l t s  

The acceptance t e s t s  o f  t h e  USNO Time T rans fe r  U n i t  were conducted f o r  
f i v e  days i n  November 1979, as p a r t  o f  t h e  u n i t  acceptance t e s t s .  The 
f o l l o w i n g  i s  an exce rp t  f rom a  paper by D r .  Kenneth Pu tkov ich8 ,  USNO 
r e p r e s e n t a t i v e  a t  t h e  t ime  o f  t he  acceptance t e s t s .  

" I n i t i a l  t e s t s  o f  t h e  t ime  t r a n s f e r  c a p a b i l i t y  o f  t he  Time T r a n s f e r  
U n i t  (TTU) were c a r r i e d  o u t  as p a r t  o f  t he  u n i t  acceptance t e s t s .  A 
p a i r  o f  p o r t a b l e  atomic c l ocks  was c a r r i e d  t o  t h e  MCS (Master Con t ro l  
S t a t i o n )  a t  Vandenberg AFB i n  C a l i f o r n i a .  The ensemble o f  a tomic  
c l o c k s  which c o n s t i t u t e  t h e  GPS master c l o c k  were measured a g a i n s t  t he  
p o r t a b l e  c l o c k s  w i t h  p a r t i c u l a r  a t t e n t i o n  t o  t h e  c l o c k  s e r v i n g  as 
r e fe rence  f o r  t h e  Vandenberg Mon i t o r  S i t e .  P e r t i n e n t  system de lays  i n  
t h e  mon i t o r  r e c e i v e r  were a l s o  measured and v e r i f i e d  w i t h  s i t e  person- 
n e l .  The p o r t a b l e  c l ocks  were then t r a n s p o r t e d  t o  t h e  ST1 f a c i l i t y  i n  
Sunnyvale, where a s e r i e s  o f  t ime  t r a n s f e r s  were made us i ng  t h e  p o r t -  
a b l e  c l o c k s  as r e fe rence  f o r  t h e  TTU. The c l o c k s  were then  r e t u r n e d  
t o  Vandenberg ( t o  e s t a b l i s h  a  base l i ne  f o r  GPS t ime )  and then  taken  
back t o  Sunnyvale f o r  a f i n a l  s e r i e s  o f  measurements. The r e s u l t s  o f  
t h i s  i n i t i a l  s e r i e s  o f  measurements a re  p resen ted  i n  F i gu re  4 (F i gu re  
8 i n  t h i s  paper ) .  As can be seen from the p l o t ,  t ime t r a n s f e r s  w i t h  
a  p r e c i s i o n  o f  b e t t e r  than  +SO nanoseconds were ach ieved."  

A f t e r  t h e  p o r t a b l e  a tomic  c l o c k s  were shipped back t o  USNO, a d d i t i o n a l  
t e s t i n g  was per formed,  t h i s  t ime  u s i n g  a  Cesium s tandard  which was 
c a l i b r a t e d  a g a i n s t  t h e  atomic c l ocks .  These t e s t s  a l s o  produced 
s i m i l a r  r e s u l t s .  

Subsequent T e s t i n g  and GPS Time Performance Moni t o r i  n g 8 ' l Y  

Subsequent t e s t s  per formed by t h e  USNO i n v o l v e d  t he  v e r i f i c a t i o n  o f  
GPS Time a t  t h e  GPS Master Mon i t o r  S t a t i o n  v i a  p o r t a b l e  c l o c k s  and t h e  
a c q u i s i t i o n  and t r a c k i n g  o f  as many passes o f  t h e  s a t e l l i t e s  c u r r e n t l y  
i n  o p e r a t i o n  as p o s s i b l e .  These t e s t s  r e s u l t e d  i n  t h e  same l e v e l  o f  
performance as t h e  i n i t i a l  acceptance t e s t i n g ,  b u t  r evea led  what 
appeared t o  be severa l  d i s c o n t i n u i t i e s  i n  GPS Time. An i n v e s t i g a t i o r ~  
showed t h e  cause o f  these s teps t o  be GPS master c l o c k  changes and 
f a i l u r e s  i n  GPS Mon i t o r  S t a t i o n s .  S ince then ,  due t o  a coo rd i na ted  
e f f o r t  between USNO and t h e  GPS program o f f i c e ,  an improvement has 
been made as t h e  magnitude and frequency o f  t h e  d i  s c o n t i  n u i  t i e s  has 

I 
decreased. More d e t a i l s  o f  GPS Time m o n i t o r i n g  a re  g i ven  i n  Reference 
19,  which covers a p e r i o d  o f  t ime  up th rough  about  t h e  end o f  1980. 

40 1 



The TTU has a l s o  been used t o  mon i t o r  t h e  performance o f  t h e  f requency 
s tandards i n  t h e  GPS s a t e l  1  i t e s .  Those performances a r e  a l s o  pre-  
sented i n  Reference 19 over  t h e  same t ime  frame and have a l s o  been 
p resen ted  i n  terms o f  A1 l a n  va r i ance  numbers i n  Reference 20. Tha t  
performance i s  mon i to red  by  "back ing  ou t "  t h e  sate1 1  i t e  c l o c k  co r rec -  
t i o n  po lynomia l  d e r i v e d  from t h e  GPS Nav iga t i on  Message1 l ,  which 
b a s i c a l l y  " unco r rec t s "  t h e  s a t e l l i t e  c l o c k  t ime  f rom GPS Time t o  t h e  
t ime  o f  t h e  s a t e l l i t e ' s  subframe epoch t ransmiss ion .  I n  a  sense, t h e  
accuracy i n  t h i s  TTS es t ima te  o f  s a t e l l i t e  t i m e  i s  b e t t e r  t han  t h a t  o f  
GPS Time because i t  i s  n o t  c o r r u p t e d  by t h e  p r e d i c t i o n  e r r o r s  i n  t h e  
c l o c k  c o r r e c t i o n  po lynomia l ,  which i s  e v i d e n t  f rom r e s u l t s  p resen ted  
i n  Reference 19. However, t h i s  es t ima te  i s  o f  l i t t l e  va l ue  t o  t h e  
normal TTS user ,  un less  he i s  p r i m a r i l y  i n t e r e s t e d  i n  m o n i t o r i n g  
s a t e l l i t e  c l o c k  performance, w i t h  one excep t ion .  S ince t h e  USNO 
pub l i shes  t h e  d i f f e r e n c e  between t h e i r  Master Clock and each s a t e l -  
l i t e ' s  c l o c k ,  a  user  can pe r f o rm  a t i m e  t r a n s f e r  t o  UTC v i a  a s a t e l -  
l i t e  c l o c k  i n s t e a d  of  v i a  GPS Time. The pub l i shed  d i f f e r e n c e  o f  a  
good s a t e l l i t e  c l o c k  i s  more a c c u r a t e l y  p r e d i c t a b l e  by e x t r a p o l a t i o n  
t han  t h a t  o f  GPS Time t o  t h e  u s e r ' s  t i m e  o f  t r a n s f e r .  However, i f  t h e  
user  does n o t  e x t r a p o l a t e  and uses da ta  common t o  t h e  USNO a f t e r  t h e  
f a c t ,  i t  makes no d i f f e r e n c e  because t h e  c l o c k  c o r r e c t i o n  po lynomia l  
p r e d i c t i o n  e r r o r s  cance l .  ( I n  f a c t ,  i n  a  common v iew t i m e  t r a n s f e r  
per formed w h i l e  i n  communication w i t h  t h e  USNO, a l l  common e r r o r s  such 
as s a t e l l i t e  c l o c k  e r r o r s ,  ephemeris p r e d i c t i o n  e r r o r s ,  and p a r t  o f  
t h e  i onosphe r i c  de lay  c o r r e c t i o n  e r r o r s  cance l ,  r e s u l t i n g  i n  a more 
accura te  t ime  t r a n s f e r .  T h i s  has been suggested and demonstrated by  
t h e  Na t i ona l  Bureau o f  Standards.  21 ' 2 2 ) .  

USNO GPS Time Se rv i ce  

Data f rom t h e  GPS sate1 1  i t e s  a r e  recovered  d a i l y  by t h e  USNO and a r e  
made a v a i l a b l e  th rough  t h e  USNO Time Serv ice  Automated Data Se rv i ce  
(ADS) v i a  s tandard  d i a l - u p  te lephone l i n e ,  u s i n g  a  modem and t e r m i n a l .  
(See Reference 19. )  T h i s  s e r v i c e  was used t o  o b t a i n  more r e c e n t  da ta  
t han  t h a t  p resen ted  i n  Reference 19  f o r  a  s a t e l l i t e  t h a t  has had a 
Cesium beam s tandard  o p e r a t i n g  f o r  some t i m e  (SV#9). The da ta  was 
r e t r i e v e d  f o r  a  p e r i o d  o f  190 days s t a r t i n g  on January 1, 1981. The 
r e s u l t s  p r o v i d e d  by t h e  Time Se rv i ce  a re  p l o t t e d  i n  F i g u r e  9 f o r  b o t h  
t h e  d i f f e r e n c e  between GPS Time and t h e  USNO Master Clock and t h e  
d i f f e r e n c e  between SV#S1s c l o c k  and t h e  USNO Master Clock.  The f o l -  
l ow ing  po lynomia ls  ( t h r e e  p o i n t  de r i ved )  were removed f rom t h e  da ta  
be fo re  p l o t t i n g :  

GPS Time: -35.811 ps  - 1.3352X10-12 s/s X t 

+ (2.81436X10- 1"86400) s/s2 X t2 

SV#9 Time: 346,428 ns + 3.6651X10-l3 s / s  X t 

+ ( 6 .  04051X10-16/86400) s / s2  X t2 
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where t i s  i n  seconds s i nce  1 January.  These c o e f f i c i e n t s  a re  equiva- 
l e n t  t o  d r i f t  va lues o f :  

GPS Time: A f / f  = -1 .3352X10 - l 2  

D = 5.62872X10- 5/day 

SV#9 Time: A f / f  = 3.  6651X10-1'' 

D = 1. 2081X10-1Vday 

It i s  e v i d e n t  from these p l o t s  t h a t  t h e  s a t e l l i t e ' s  c l o c k  i s  b e t t e r  
than  t h e  GPS c l ock .  Th i s  should  be expected s i nce  t he  GPS c l o c k  i s  
much o l d e r  than  t h e  s a t e l l i t e ' s  c l o c k .  The f a c t  i s  t h a t  b o t h  c l ocks  
a re  e x h i b i t i n g  normal " f l  i c k e r l l  c h a r a c t e r i s t i c s .  The anomalous 
r e s u l t s  t h a t  occur red  around day 130 a re  due t o  t r a n s i e n t  c o n d i t i o n s  
i n  t h e  GPS system a f t e r  a "Master"  r e c e i v e r  f a i l u r e .  Time i n  t h e  
master GPS c l o c k  was r e i n i t i a l i ~ e d . ~ ~  

The r e s u l t s  o f  F i gu re  9 a re  c o n s i s t e n t  w i t h  t h e  r e s u l t s  p resen ted  i n  
I Reference 19 f o r  a p rev i ous  p e r i o d  o f  t ime.  

TIME TRANSFER APPLICATIONS 

The Time T rans fe r  System can be employed i n  a v a r i e t y  of a p p l i c a t i o n s .  
I As a s tand-a lone system i t  can p rov i de  an abso lu te  t i m e  r e fe rence  f o r  

users  w i t h i n  GPS. By us i ng  t h e  da ta  p rov i ded  by U S N O ' S  Time Serv ices ,  
GPS Time ( o r  any o f  t h e  SV t imes)  can be t r a n s l a t e d  t o  UTC. More 
s t a b l e  t i m i n g  can be ach ieved by o p e r a t i n g  t h e  TTS w i t h  an e x t e r n a l  
Cesi um o r  Rubid i  um s tandard  t o  b r i d g e  pe r i ods  o f  nonvi  s i  b i  1  i t y  t o  
s a t e l l i t e s  i n  the  c u r r e n t  GPS system. I n t e r m i t t e n t  accura te  t i m e  
t r a n s f e r  can be ach ieved w i t h  t h e  o p t i o n a l  i n t e r n a l  c r y s t a l  o s c i l  l a -  
t o r ,  w i t h  accurac ies  on t h e  o rde r  o f  microseconds d u r i n g  p e r i o d s  o f  
nonv i  s i  b i  1 i t y .  

The TTS can a l s o  be used as a  c a l i b r a t i o n  dev ice  t o  p r o v i d e  t ime  
a l ignment  o f  o t h e r  standards i n  t he  u s e r ' s  t i m i n g  n e t w o r k .  

F o r  a t i m i n g  network i n  which o n l y  r e l a t i v e  t ime  i s  r e q u i r e d ,  t h e  
s o - c a l l e d  "common mode-common view" technique o f  t ime  t r a n s f e r  can be 
employed t o  p r o v i d e  even b e t t e r  a c ~ u r a c y . ' ~  I n  t h i s  mode, a h i g h l y  
s t a b l e  TTS i s  used as t he  master c l o c k  (such as t h e  one a t  USNO) and 
another  TTSat  aremote l o c a t i o n  w i l l  be s imu l taneous ly  scheduled t o  
t r a c k  an i d e n t i c a l  sate1 l i t e  t h a t  i s  v i s i b l e  f rom bo th  TTS's.  When 
t h e  t i m e  o f f s e t s  ob ta i ned  f rom these two TTS's a re  compared, b e t t e r  
( r e l a t i v e )  accuracy w i l l  be ach ieved due t o  t h e  c a n c e l l a t i o n  o r  reduc- 
t i o n  o f  common sources of  e r r o r ,  e. g. , sate1 1  i t e  c l o c k  and ephemeris 
e r r o r ,  and some o f  t h e  atmospher ic t ime  de lay  e r r o r .  
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T A B L E  I 

T I M E  TRANSFER ERROR BUDGET 

PHASE I GPS S P E C I F I E D  OCS S P E C I F I E D  
ONE SIGMA ERROR BUDGETI" ONE SIGMA ERROR BUDGET 

( n a n o s e c o n d s )  ( n a n o s e c o n d s )  

SV GROUP DELAY 9 ( f o r  2 h r s )  
AND CLOCK 25.5-108 ( f o r  24 h r s )  

SV EPHEMERIS  12  ( f o r  24 h r s )  

I O N O S P H E R I C /  
TROPOSPHERIC 
D E L A Y / M U L T I P A T H  

R E C E I V E R  N O I S E  6.3/1.0 
(RAW/SMOOTHED) 

PSEUDORANGE 5.8/0.9 
Q U A N T I Z A T I O N  
(RAW/SMOOTHED) 

USER L O C A T I O N  5- 1 5  5- 15  
E S T I M A T I O N  AND 
R E C E I V E R  B I A S  

T O T A L  (RSS)  ( 1 8 - 1 1 7 ) / ( 1 7 - 1 1 7 ) * * *  (23-50)/(21-47) 
(RAW/SMOOTHED) ( 1 8 - 5 2 ) / ( 1 7 - 5 1 ) * * * "  

* BETWEEN SUCCESSIVE UPLOADS1" 
** E L E V A T I O N  ANGLE, L A T I T U D E  AND T I M E  OF DAY DEPENDENT 

*** R U B I D I U M  FREQUENCY STANDARD I N  S A T E L L I T E  
**** C E S I U M  FREQUENCY STANDARD I N  S A T E L L I T E  
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FIGURE 9 USNO TIME MONITORING RESULTS USING SV#9 FROM 1 JANUARY 1981 
TO 11 JULY 1981 
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QUESTIONS AND ANSWERS 

MR. KELLOGG, Loc kheed 

I n  c o l l e c t i n g  the  data and eva lua t i ng  it, I not i ced  you have gone 
through the  U.S. Naval Observatory t ime comparison w i t h  UTC; i s  
t h a t  t r u e  o r  t h a t  i s  j u s t  a  p o s s i b i l i t y ?  

MR. HUA: 

Tha t ' s  t rue .  

MR. KELLOGG: 

Do you have any data which would permi t  eva lua t ing  whether we 
should have g rea t  conf idence i n  t he  r e l a t i v i t y  co r rec t i ons  which 
have been b u i l t  i n  t o  the  standard on board the  sate1 1  i t e ?  

MR. HUA: 

I do n o t  have any answer, I do n o t  know much about t h a t  t o  answer 
your  quest ion about r e l a t i v i t y .  

MR. ALLAN: 

I t h i n k  I can answer tha t ,  and the  cor rec t ions ,  I be l ieve,  a re  
co r rec t ,  and I t h i n k  you can have great  conf idence i n  those. 

MR. KELLOGG: 

Thank you. 




